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Abstract: 
 
At the front contact of thin film silicon solar cells, the junction between the p-doped window layer and 
the n-type transparent electrode results in a barrier that must be surmounted by the charge carriers. The 
barrier height is governed by the work function difference of these two materials. For different 
compositions of the well known In2O3-SnO2 (ITO) system, we find that higher oxygen partial pressure 
during sputter deposition increases the work function of the deposited films. Over the same range of 
oxygen partial pressures, ITO electrodes with low tin content applied to n-i-p type thin film silicon 
solar yield a gain in Voc by up to 40 mV.  
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Introduction 
 
Photovoltaics is considered as one of the key ingredients in the sustainable energy mix of the future. 
Among the different technologies, thin film silicon is attractive for a variety of reasons; active layers 
with thickness of a few micrometers or less require only small amounts of an overall abundant 
material. The properties of thin film silicon have been well investigated during more than three 
decades of R&D in solar modules and flat panel displays, resulting also in a solid technology base for 
low cost production [1, 2]. Moreover, thin film silicon modules show favourable out-door 
performance. Single junction devices have demonstrated efficiencies exceeding 10% [3]. From a 
technological point of view, thin film silicon offers also a variety of combinations for high efficiency 
devices based on tandem or multi-junction devices. In purely amorphous cells, the high-gap of 
amorphous silicon can be combined with low-gap silicon-germanium alloys [4, 5]. Potential issues 
because of the scarce element germanium can be avoided by the combination with low gap cells of 
microcrystalline silicon [6] into micromorph tandems devices [7-9].  
 
Thin film silicon solar cells are commonly distinguished in terms of their deposition sequence which is 
either of the p-i-n or the n-i-p type. Regardless of the type, charge transport properties require 
illumination through the p-layer, p-i-n cells are thus applied to rigid glass substrates. The n-i-p 
configuration shown in Figure 1 is suitable for opaque low cost substrates like stainless steel foils, but 
is also commonly used for polymer sheets. The unbreakable nature and the flexibility associated with 
these substrate types make the n-i-p configuration particularly attractive for consumer products and 
building integration.  
 
In n-i-p cells, the material of choice for the transparent front contact is ITO, acronym for indium-tin-
oxide which is almost always fabricated by sputter deposition form In2O3:SnO2 targets with varying 
ratio. ITO is an n-type semiconductor with a band-gap of more than 3.6 eV which makes it transparent 
for the visible and near UV spectrum. Typically, sputtering is carried out from ceramic targets which 
are slightly oxygen deficient for better conductivity and mechanical stability; thus, sputtering is carried 
out in Ar/O2 mixtures. Insufficient oxidation yields conductive films with poor transparency because 
of a too metallic character of the layers. On the other hand, oversupply of oxygen yields transparent 
films with low conductivity because oxygen vacancies act as donors in ITO and because Sn dopants 
become inactive by incorporation as SnO2 [10]. In films with high carrier density, free carrier 
absorption and reflection take place in the near or mid IR [11]. Consequently, for solar cell 
applications one aims at improving the mobility rather than high carrier density [12]. High 
conductivity is nevertheless mandatory because the thickness of ITO must typically be chosen between 
65 and 70 nm in order to establish an antireflection condition at about 550 nm with the silicon absorber 
layer [13].  
 
The upper panel of Figure 2 illustrates the band diagram of an idealized p-i-n junction based on 
amorphous silicon with electron affinity of 3.9 eV [14] and a band gap of 1.85 - 1.9 eV. In complete 
devices, the n-layer is electrically connected to the metal back contact or an n-type ZnO buffer layer; 
the behaviour of this junction is close to Ohmic and does not pose problems in general. Assuming a 
typical activation energy of 400 meV in the p-layer, a work function of about 5.4 eV would be required 
in the front contact in order to form an Ohmic contact between the p-layer and the front electrode. 
Recently, layers of high work-function metals consisting of nm sized particles before coalescence into 
continuous films have been reported to yield Ohmic contacts [15], but the control of the layer 
thickness may turn out to be difficult in large area applications. For ITO, the work function values in th 
literature scatter widely; Park reported a work function between 4.4 and 4.5 eV for ITO with In/Sn ≈ 6 
[16], Minami found rather constant values between 4.8 and 4.9 eV for the whole composition range of 
In2O3 - SnO2 [17]. Klein applied photoelectron spectroscopy to pure In2O3 films obtained by reactive 
evaporation with different oxygen partial pressures; with increasing oxygen pressure, the work 
function varied from 4.3 to 4.7 eV [18]. The oxygen-rich films of this series were discussed in a 
separate study by Lang; for carrier densities ranging from 2.2×10
-19
 to 7×10
-19
 cm
-3
, corresponding to 
resistivities between 6×10
-3
 to 2.5×10
-3
 Ωcm, the band gap increases from 3.55 to 3.8 eV because of 
the Burstein-Moss shift [19]. Gassenbauer applied photoelectron spectroscopy to ITO films grown by 
RF sputtering in Ar/O2 atmosphere from a 90/10 target; with increasing oxygen content in the plasma, 
the resistivity increased from 2×10
-4
 to 5×10
-2
 Ωcm, the work function increased from 4.6 to 5.2 eV 
[20]. These photoelectron studies find that the Fermi level should be located within the band gap 
which is explained by a surface layer with different stoichiometry [18, 20]. This idea is supported by 
various surface treatments which have been reported to change the work function; Sugiyama reported 
4.3 eV for films exposed to oxygen depleting Ar-plasma, 4.5 eV for films with carbon impurities, and 
4.8 eV after ozone treatment (measured on material with In/Sn ≈ 9) [21]. Similarly, variations in a 
range of 0.8 eV were reported for varying oxygen or argon treatments by Lee [22] and by Mason [23].  
 
Most of the values quoted from the literature are below the requirement of for Ohmic contacts, and the 
details of interface chemistry for ITO films sputtered onto the p-layer are not known. The band 
diagram in Figure 2 uses therefore a representative of 4.8 eV from Minami’s work and does not take 
into account surface depletion of ITO; the front contact in the solar cell consists thus of a Schottky 
junction with barrier height of about 0.6 eV [24, 25]. Current transport over the barrier proceeds either 
via thermionic emission, tunnelling, or tunnelling assisted emission. Except for pure tunnelling, the 
emission processes result in a reduction of the maximum achievable built-in-voltage, and therefore 
also a reduced open circuit voltage Voc. Moreover, a wide barrier is expected to incur an additional 
series resistance.  
 
In real solar cells, these considerations are further complicated; owing to the high defect density in 
doped layers, charge carriers that are generated in these layers are only poorly collected. This loss is 
particularly strong at the front of the device where light with short wavelengths is strongly absorbed. 
Therefore, state-of-the-art devices often use p-layers of high band-gap materials like silicon carbide 
[26] or silicon oxide [27]. Still, the p-layer must be kept as thin as possible, ideally between 10 and 
20 nm. However, this makes the p-layer thinner than the space charge region of the junction between 
ITO and the p-layer which is roughly between 20 and 30 nm as estimated from the barrier height given 
above and a doping concentration of about 10
18
 cm
-3
 which emerges from typical values of doping 
efficiency and precursor gas ratio. Different from the scenario illustrated in Figure 2 b) where the p-
layer is thick enough for the band bending to flatten out before the junction to the i-layer, Figure 2 c) 
illustrates thus the case of a more realistic device where the i-layer is connected to the curved part of a 
thin p-layer, resulting in a significantly reduced built-in-voltage.  
 
In this contribution, we investigate ITO films with different composition. Their work function 
increases with reduced Sn-content and with the oxygen partial pressure during sputter deposition. The 
ITO films are also incorporated as front contact in n-i-p amorphous silicon solar cells with a double p-
layer structure using microcrystalline silicon at the interface to ITO. Modelling results suggest that this 
configuration is compatible with low work function materials and shows a moderate gain with high 
work function; our experimental work confirms this prediction.  
 
Experimental 
 
ITO films were deposited by sputtering at room temperature (planar magnetron with diameter of 104 
mm, AJA Inc.) from ceramic targets (Umicore) of varying composition. The magnetrons are mounted 
in two lab type sputtering systems at ECN and EPFL, using a configuration that is designed for co-
sputtering from up to four targets onto a rotating substrate holder. The design is intended for versatility 
and thickness uniformity rather than high deposition rates. Continuous DC excitation between 150 and 
200 W was employed (at ECN: Advanced Energy, Pinnacle Plus, pulsing disabled; at EPFL: Maris, 
ADL GmbH). Gas mixtures of 0, 0.5, 1.0, 1.5 and 2.5% of oxygen in argon were used at pressures 
between 0.3 (ECN) and 0.5 Pa (EPFL). All depositions were carried out at room temperature. The 
work function variation was measured at ECN directly after deposition. Samples were kept in dry 
atmosphere during the short transfer from the deposition system to the work function setup (KP 
Technology), an ex-situ version of the setup described in ref. [28]. Before each measurement, the setup 
was calibrated with gold and aluminium standards; the measurement of the standards is repeated after 
each measurement to detect possible drift. After the work function measurement, the resistivity was 
measured; subsequently the samples were subjected to 90 minutes annealing at 180°C in air, then their 
resistivity was measured again. Because shipping between the sites would have exposed the samples to 
non-reproducible conditions, the work functions were measured only on the ITO samples made at 
ECN.  
 
At EPFL, ITO layers were fabricated under similar conditions and characterized optically 
(Lambda900, Perkin Elmer) and electrically (HMS 5000, Microworld). Moreover, they were 
incorporated into amorphous silicon solar cells using an n-i-p configuration on glass substrates coated 
with a flat rear reflector consisting of Ag-ZnO (120 + 60 nm). The silicon deposition was carried out at 
190°C by plasma enhanced chemical vapour deposition (PE-CVD); details of the deposition process 
can be found in ref. [29]. We used a double p-layer configuration where the contact to the ITO is 
established by microcrystalline silicon because of its better doping efficiency [30]. After deposition of 
the ITO front contact, the cells were subjected to annealing for 90 minutes at 180°C in air which helps 
to recover sputter damage [31]. After annealing, the solar cells were measured under simulated 
AM1.5g illumination at 25°C.  
 
Results and discussion 
 
Work function of ITO films 
Because the chemical potential (or Fermi-level) in semiconductors depends on doping, the work 
function is expected to change with the carrier density. In an n-type degenerate semiconductor with 
carrier concentration n, the Fermi-level resides within the conduction band and its actual position is 
governed by two competing effects; the Burstein-Moss shift describes the filling of states at the band 
edge which moves the highest occupied levels into the band. Not taking into account the additional 
effect of non-parabolic bands, the shift is proportional to n
2/3
 [32, 33]. At the same time, the 
overlapping wave functions of ever more closely spaced doping levels eventually merge with the 
conduction band edge, thus effectively reducing the electronic gap of forbidden states; the gap 
narrowing is proportional to n
1/3
 [34]. In ZnO and ITO, the combination of both effects is dominated 
by the upwards shift of the Fermi level [35, 36]. Overall, an increasing carrier density is therefore 
expected to reduce the work function, but it can additionally change with modifications of the surface 
chemistry and with adsorbates like carbon impurities [21]. Figure 3 shows experimentally determined 
work functions of samples from three different target compositions deposited in the ECN setup at 0.3 
Pa in dependence of the oxygen partial pressure in the sputtering plasma. As general trend, it is 
observed that higher oxygen content in the plasma yields higher work function. Likewise, among the 
different ITO compositions lower SnO2 content is reflected also by higher functions.  
 
Owing to the fact that the ITO films deposited at the two sites are not comparable, and that the 
situation shown in Figure 1 is still a simplification of the actual experimental configuration, we used 
the modelling software ASA [37] for assessing the combination of different p-layer configurations 
with an ITO work function variation between 4.9 and 5.2 eV. The main modelling parameters are 
summarized in Table 1. The p-layer is assumed consist of a 10 nm thick double layer, taking into 
account the transition from a fully amorphous nucleation layer, p1, at the i-p interface into a 
microcrystalline layer, p2, towards the p-ITO interface. Figure 4 illustrates various combinations of p1 
and p2. In reality, the thickness of the microcrystalline layer will fluctuate laterally because nucleation 
takes place spontaneously, resulting in various parallel Schottky junctions. Effectively, such a 
configuration will be dominated by the lowest Schottky barrier [38], i.e. between microcrystalline 
material and ITO, but the recombination properties in such a junction would require a more involved 
analysis than the employed 1D model.  
 
From Figure 4 it is observed that the Voc of cells with purely amorphous p-layer (10/0) relates almost 
linearly to the ITO work function whereas the double layers are increasingly insensitive to the work 
function of the front contact. Indeed, the use of a microcrystalline layer was reported to improve the 
contact resistance to ZnO:Al [39] whose work function was reported to be as low as 4.5 eV [17]. 
 
Electrical properties of ITO films 
Figure 5 shows the resistivity of films deposited by continuous DC excitation; in their as-deposited 
state, all films show a more or less pronounced minimum for oxygen contents between 0.5 and 1.5%. 
Annealing reduces the resistivity in most films deposited with low oxygen content while the resistivity 
goes up consistently for those deposited with high oxygen flow. The corresponding Hall data are 
shown in Figure 6; all compositions show a trend of decreasing carrier density with oxygen content, 
the overall highest carrier densities are found in the 80/20 samples. After annealing, the carrier density 
increases for all Sn-rich compositions when the films are grown with low oxygen content, pointing 
towards activation of Sn dopants; however, the changes become relatively small towards the condition 
of optimum resistivity from Figure 5; on 97/3 samples the trend is less clear due to data scattering and 
100/0 films degrade over the whole range. Towards higher oxygen content; the 80/20 samples show 
reduced carrier densities while the other increase again slightly. After annealing, the mobilities 
improve in all 80/20 samples, while they are generally decreased in the other compositions, excepting 
the region of low oxygen content which appears to behave inconsistently within the scatter. We note 
from Figure 6 that conditions of low oxygen partial pressure and high SnO2 content generally yield 
films with high carrier density; Figure 3 shows films deposited under these conditions show reduced 
work function, thus corroborating the relation to the Fermi-level position that was briefly discussed in 
the previous section. 
 
Figure 7 plots the mobilities of all shown samples against their carrier densities. The figure includes 
curves which describe the limiting behaviour for scattering at ionized impurity with single and double 
charge, taking additionally into account the dependence of the effective mass on carrier density in 
heavily degenerate semiconductors [40]. Except for low carrier densities, most of the samples with low 
SnO2 content are close to the curve given by singly charged impurities (Z=1), while the 80/20 samples 
are closer to trend of Z=2. Upon annealing, all samples approach the curve of doubly charged 
impurities. Within the SnO2 variation, there are roughly three regimes; the 80/20 samples remain 
among the highest carrier densities, the 90/10 and 95/5 samples loose mobility but tend to keep their 
carrier density while the 97/3 and 100/0 exhibit a drop of both quantities. Figure 7 includes an 
additional characteristic which takes into account scattering at grain boundaries [40]; up to its 
intersection with the characteristic of singly charged impurities, this line appears to separate the initial 
from the annealed state for all of the ITO samples with low SnO2 content. 
 
For films deposited at room temperature, changes in resistivity are generally attributed to 
crystallisation of initially amorphous films [41]. Improved transport through the crystalline phase can 
yield lower resistivity, at the same time a reduction of the carrier density by annealing of donor-type 
oxygen vacancies may increase the resistivity. We can therefore attribute the overall decrease of carrier 
density with oxygen content in the sputtering plasma to a loss of the donor type oxygen vacancies, 
either by oxidation from the ambient air or due to activation of oxygen that is trapped in the films 
during deposition. For the samples with low SnO2 content, annealing appears to add an additional 
mobility limitation by grain boundary scattering. This is pronounced by their relatively low carrier 
density which yields wide depletion zones at the grain boundaries that are difficult to tunnel through.  
 
Optical properties 
Figure 8 shows typical absorption data of 60 nm thick ITO films on glass. Films sputtered from the 
95/5 target on glass are shown as representative example, the other target compositions show similar 
trends. Generally, the samples sputtered with low oxygen content show strong absorption even in the 
visible range of wavelengths. This is to some extent ameliorated by annealing, but the amount of 
transmission required for solar cell operation is only obtained for oxygen content higher than 1%. An 
additional effect of annealing is the blue-shift of the band gap absorption from typically 380 nm down 
to 350 nm, as well as increased IR absorption that is visible on all but the 0.5% sample. The optical 
effects of annealing are related to the changes in carrier density shown in Figure 6; in most samples, 
the carrier density increases and thus the frequency of reflection and absorption by the free carrier 
plasma is shifted from the IR towards the visible. Additionally, the Burstein-Moss effect widens the 
optical band gap in degenerate semiconductors. The loss in mobility is not directly visible in the 
optical data but it contributes to a broadening of the free carrier absorption.  
 
Open circuit voltage 
The trends in open circuit voltage with respect to the oxygen content during sputtering of the different 
ITO compositions are shown in Figure 9. Up to four substrates with n-i-p solar cells from a co-
deposition on flat Ag/ZnO reflector were finished with ITO front contacts from a given target 
composition, but using different oxygen partial pressures. Per substrate, the Voc of several cells is 
shown for statistics. The target compositions with low SnO2 content, i.e. 90/10, 95/5, and 97/3 show a 
gain in Voc with increasing oxygen content. Across these three compositions, reduced SnO2 content 
also yields a slight Voc increase. Overall, the gain is relatively moderate between 30 and 40 mV. 
Among these samples with low SnO2 content, the behaviour is consistent with the notion that lower 
carrier density, either by more oxygen or by less Sn-doping, results in a higher work function which in 
turn yields higher Voc. However, the cells processed with the 80/20 target exhibit completely opposite 
behaviour; they show among the highest Voc values of all measured samples despite the fact that the 
high carrier density of the 80/20 films should yield the lowest work functions. Additionally, the 
dependence on oxygen partial pressure is also inverted. The origin of these observations is not clear at 
present, but may be related to the poorly understood interfacial stoichiometry of ITO. A possible 
explanation for the Voc decrease with increasing oxygen partial pressure which is observed for the 
80/20 samples, may be related to increased sputter damage by negative oxygen ions which would give 
rise to more recombination and thus lower Voc. Recently, Ellmer showed that Sn targets yield 
enhanced amounts of negative oxygen ions compared targets made from pure In as well as from In-Sn 
alloys [42]. However, these observations were made during reactive sputtering from metallic targets, it 
is not clear whether they translate to ceramic targets and whether they would already appear within the 
much smaller composition range of our study.  
 
Conclusions 
 
We investigated ITO films deposited by DC sputtering from targets with different In2O3-SnO2 
compositions. With increasing oxygen content in the Ar/O2 plasma, the films undergo a transition from 
low resistivity and high absorption towards films with high resistivity and low absorption. At the same 
time, the work function is found to increase by approximately 150 mV. The ITO films have been 
incorporated as front contact into n-i-p type solar cells; in films with moderate SnO2 content up to 
10%, the variation of the work function results in enhanced open circuit voltage because the Schottky 
barrier at the interface between the p-layer and the ITO front electrode is reduced. However ITO 
sputtered from a target with 20% SnO2 showed a different behaviour whose understanding necessitates 
further experiments.  
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Table 1: Input parameters for electrical modelling. Schottky junctions with different barrier heights were assumed 
between ITO and the p2-layer.  
 <n> <i> <p1> <p2> 
Electron affinity (eV) 3.9 3.9 3.9 4.1 
Band gap (eV) 1.85 1.85 1.9 1.15 
Activation energy (eV) 0.3 (mid gap) 0.4 0.05 
(resulting work function) 4.2 - 5.4 5.2 
CB tail (eV) 0.6 0.04 0.05 - 
VB tail (eV) 0.09 0.058 0.06 - 
 
 Figure captions 
 
Figure 1: Schematic cross section of an n-i-p solar cell.  
 
Figure 2: Schematic band diagram of the ideal p-i-n junction (upper panel). The lower panels illustrate the 
formation of a Schottky barrier between the p-layer and the ITO front contact. Diagram b) illustrates the space 
charge region (SCR) of a partially depleted thick p-layer, diagram c) shows the situation of a realistic cell with thin 
p-layer; the i-layer is connected to the curved part of the completely depleted p-layer, thereby reducing the 
attainable built in voltage.  
 
Figure 3: Work function variation of TCO films with respect to oxygen in the sputtering plasma, measured directly 
after deposition (deposition at 0.3 Pa, ECN setup).  
 
Figure 4: Dependence of the open circuit voltage on the work function of the front ITO for 10 nm thick p1/p2 
combinations of amorphous (p1) and microcrystalline (p2) p-layers. The inset illustrates the band alignment of the 
front contact layers for a fully amorphous p-layer (full lines) and for the 5/5 case (dashed lines), using an ITO work 
function of 5.1 eV.  
 
Figure 5: Dependence of the resistivity on the oxygen content in the sputter plasma (deposition at 0.5 Pa, EPFL 
setup). Full and open symbols represent samples before and after annealing, respectively.  
 
Figure 6: Variation of carrier density (upper panels) and Hall mobility (lower panels) with respect to the oxygen 
content in the sputtering plasma (deposition at 0.5 Pa, EPFL setup). Full and open symbols represent samples 
before and after annealing, respectively.  
 
Figure 7: Dependence of the mobility on the carrier density for the different series of samples shown in Figure 6. 
Full and open symbols represent samples before and after annealing, respectively. The solid lines represent the 
limiting behaviour of ionized impurity scattering (Brooks, Herring, Dingle; BHD), the dashed line takes additionally 
into account the influence of grain boundary scattering [40].  
 
Figure 8: Absorption of 60 nm thick ITO films on glass with respect to the oxygen content in the sputtering plasma. 
The shown films are sputtered from the 95/5 target, the other target compositions show similar behaviour. Full and 
dashed lines represent films before and after annealing, respectively.  
 
Figure 9: Voc variation with respect to oxygen in the sputtering plasma during ITO deposition. For each target 
composition, the Voc of several cells on the same substrate is shown.   
 
  
Figure 1: Schematic cross section of an n-i-p solar cell. 
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Figure 2: Schematic band diagram of the ideal p-i-n junction (upper panel). The lower panels illustrate 
the formation of a Schottky barrier between the p-layer and the ITO front contact. Diagram b) 
illustrates the space charge region (SCR) of a partially depleted thick p-layer, diagram c) shows the 
situation of a realistic cell with thin p-layer; the i-layer is connected to the curved part of the 
completely depleted p-layer, thereby reducing the attainable built in voltage. 
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Figure 3: Work function variation of TCO films with respect to oxygen in the sputtering plasma 
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Figure 4: Dependence of the open circuit voltage on the work function of the front ITO for 10 nm thick 
p1/p2 combinations of amorphous (p1) and microcrystalline (p2) p-layers. The inset illustrates the 
band alignment of the front contact layers for a fully amorphous p-layer (full lines) and for the 5/5 case 
(dashed lines), using an ITO work function of 5.1 eV. 
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Figure 5: Dependence of the resistivity on the oxygen content in the sputter plasma (deposition at 0.5 
Pa, EPFL setup). Full and open symbols represent samples before and after annealing, respectively. 
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Figure 6: Variation of carrier density (upper panels) and Hall mobility (lower panels) with respect to 
the oxygen content in the sputtering plasma (deposition at 0.5 Pa, EPFL setup). Full and open symbols 
represent samples before and after annealing, respectively. 
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Figure 7: Dependence of the mobility on the carrier density for the different series of samples shown in 
Figure 6. Full and open symbols represent samples before and after annealing, respectively. The solid 
lines represent the limiting behaviour of ionized impurity scattering (Brooks, Herring, Dingle; BHD), 
the dashed line takes additionally into account the influence of grain boundary scattering [40]. 
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Figure 8: Absorption of 60 nm thick ITO films on glass with respect to the oxygen content in the 
sputtering plasma. The shown films are sputtered from the 95/5 target, the other target compositions 
show similar behaviour. Full and dashed lines represent films before and after annealing, respectively. 
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Figure 9: Voc variation with respect to oxygen in the sputtering plasma during ITO deposition. For 
each target composition, the Voc of several cells on the same substrate is shown. 
 
